Abstract: Effective hydraulic turbine design prevents sediment and cavitation erosion from impacting the performance and reliability of the machine. Using computational fluid dynamics (CFD) techniques, this study investigated the performance characteristics of sediment and cavitation erosion on a hydraulic Francis turbine by ANSYS-CFX software. For the erosion rate calculation, the particle trajectory Tabakoff-Grant erosion model was used. To predict the cavitation characteristics, the study's source term for interphase mass transfer was the Rayleigh-Plesset cavitation model. The experimental data acquired by this study were used to validate the existing evaluations of the Francis turbine. Hydraulic results revealed that the maximum difference was only 0.958% compared with the CFD data, and 0.547% compared with the experiment (Korea Institute of Machinery and Materials (KIMM)). The turbine blade region was affected by the erosion rate at the trailing edge because of their high velocity. Furthermore, in the cavitation-erosion simulation, it was observed that abrasion propagation began from the pressure side of the leading edge and continued along to the trailing edge of the runner. Additionally, as sediment flow rates grew within the area of the attached cavitation, they increased from the trailing edge at the suction side, and efficiency was reduced. Cavitation-sand erosion results then revealed a higher erosion rate than of those of the sand erosion condition.
Introduction
Francis turbines are generally considered as effective means for producing power for both smalland large-scale hydropower plants [1] . The modernization, design, optimization, and progress of hydropower benefits use the Francis turbine for its wide range of heads and flows, high specific speed, and high efficiency [1] .
Hydraulic turbomachinery, such as the Francis turbine, encounter severe problems in situations where the body of water it is operated from contains abundant sediment. This condition is known as silt erosion; the sediment's contact with turbine components changes the flow pattern, reducing overall efficiency and increasing vibrations [2] . The characteristics of the sedimentary particle (e.g., shape, size, hardness, concentration, elasticity) and working conditions of the turbine determine the erosion of the turbine blades [3] . Sage and Tilly [4] were among the first researchers who examined to explicit this erosion in turbomachinery; since then, numerous analytical and experimental investigations have taken place [3, 5] . Then, Hussein and Tabakoff [5, 6] presented the role of density, particle material, and size on impact locations and rebounds by using 3-D particle trajectory calculations through axial flow turbines. Tabakoff later investigated a mechanism to anticipate blade surface erosion from particle trajectory simulations and erosion test results, which has been widely used in turbomachinery applications [7, 8] .
The turbine components damage by the erosion has remained a significant provocation in hydropower establishment; multiple complex factors affect this damage process, such as blade geometry and material, flow conditions, the particle shape, hardness, traveling velocity, and the duration of the effect developed by the particles [9] . Various techniques have been investigated and examined to minimize sediment erosion-related problems [10] [11] [12] , including prevention of sedimentation in catchment areas [12, 13] , management of reservoir sedimentation and sediment transport [14, 15] , tapping sediments at intakes [16, 17] , and applying preventive coating techniques on the hydraulic turbine components and damage caused by ingestion of external bodies in hydraulic turbines [18, 19] . Therefore, to avoid sediment erosion, it is essential to be capable of accurate prediction of the behavior of erosion and know where it is possibility to happen.
Weili et al. [20] investigated the cavitation characteristics due to the abrasion of the axial turbine in sand-laden water, and they found that cavitation was more likely to occur there than in clean water. On the other hand, Hong et al. [21] numerically investigated solid-liquid flow behavior in the Francis turbine at different working load conditions. Rakibuzzaman et al. [22] numerically and experimentally studied the cavitation erosion phenomena in a multistage centrifugal pump.
Cavitation erosion is also affected by solid particles; combined cavitation and sand erosion carries vapor bubbles into high-pressure regions and produces cavitation erosion [23] . While there are a few studies that have investigated the solid-liquid two-phase flow, there are no studies on the combined cavitation and sand erosion in the turbine. Researchers like Rakibuzzaman et al. [24] numerically studied sediment erosion using sediment concentrations in model and prototype Francis turbines. It was observed that the geometric shape of the turbine runner blades of Francis turbines could be optimized to lessen the relative velocity of flowing fluid, mitigating the sand erosion of the blade itself [24, 25] . Therefore, to avoid sediment and cavitation erosion, the accurate prediction of erosion behavior and occurrence is essential.
In this study, a prototype Francis turbine was subjected to numerical simulations at different operating conditions, and sediment and cavitation erosion analyses were conducted to determine the different sediment inflow rates. A scale model of 1:10 was selected for the model test. Computational fluid dynamics (CFD) results according to hydraulic performance data were compared with experimental data for validation. This study aims to determine if a correlation exists between the severity of erosion and turbine efficiency, as well as discuss predicted erosion patterns on the turbine.
Erosion Phenomena

Erosion
The definition of erosion is the wear resulting from the impact of particles with a certain speed against a solid surface [26] . There are various ways to narrate the mechanisms of erosion, but when considering hydraulic turbines, the wear mechanism is considered as being solely mechanical wear, including abrasive and erosive wear. Abrasive wear takes place where a solid object is laden against particles of a material that have uniform or higher hardness, whereas erosive wear is originated by the impact of particles, whether solid or liquid, acting the surface of an object [26] . Erosive wear happens in a wide range of turbomachinery, including hydraulic turbines, gas turbines, aircraft, and pumps.
According to existing literature [26, 27] , wear rate (mm/year) is a function of velocity, size, hardness, or particle concentration and temperature. The general sediment erosion rate can be written as Equation (1)
where W is erosion rate, S 1 = coefficient of sediment concentration, S 2 = coefficient of sediment hardness, S 3 = coefficient of sediment particle size, S 4 = coefficient of sediment particle shape, M r = coefficient of water aversion of material, and V n = relative velocity (n = 3) [27, 28] . Equation (2), on the other hand, is the most often cited statement of wear and velocity of a particle.
where n is the exponent of the flow characteristics and material properties. The most common value obtained from this equation is reported to be between 3 to 4 [27] . Furthermore, it relies on the material size, shape, hardness, concentration, and temperature [3, 26] . Further developed equations are evaluating the existence of the erosion rate, but an accurate theoretical model is difficult to attain, and the results may only be utilized as a qualitative estimate [3, 28, 29] . Bergeron [30, 31] takes into consideration of the difference between the solid and liquid with his complex expression.
Wearα (acceleration of main flow) (coefficient of friction) (thickness of particle layer)·(solid-liquid density difference)·(flow velocity)
Bovet [27, 32] also stated that wear is directly proportional to abrasive power (P f ), of a particle impacting on a material surface.
where µ = friction coefficient between particle and surface, V = particle volume, ρ p = particle density, ρ l = liquid density, c = particle velocity, R = radius of curvature. With the particular mechanism of erosive wear not distinctly delineated [27, 28] , simple, reliable, and generalized models for erosion
have not yet been developed for engineering outcomes. The erosion mechanisms used most commonly in existing literature is that proposed by Finnie [33] and Hutchings [34] , with the most often quoted expression for erosion as: Erosion = f (operating condition, properties of particles, and properties of the base material) (5) Generally, this expression is given as a function of material hardness, particle size, concentration, and velocity. On the other hand, the common mathematical expression for pure erosion as [28] :
where W stands for erosion rate (material loss), K mat , the material constant, K env , the constant depending on the environment, C, the particles concentration, and f (α), the function of impacting angle α, and V, the particle impact velocity [27] . Sediment concentration is the total mass or volume of given particles in the unit mass of the fluid; it is also defined as the percentage of molecules in a given fluid mass [26, 28] . The unit of the river sediment concentration is kg/m 3 , which is equal to 1000 ppm (0.1% of volume).
Erosion Model
There are two kinds of erosion model provided in CFX, specifically that proposed by Finnie, and by Tabakoff and Grant [7, 33, 35] . In Finnie's model, erosion is merely a function of the velocity and impinging angle, while in Tabakoff and Grant's model [7, 9, 35] , there is a wider scope for customization with more input parameters, giving it higher reliability compared to the former model. Thus, this current study uses Tabakoff and Grant's erosion model [7, 9, 35] , which is described as follows: 
Erosion rate is expressed as the amount of material-removed per unit mass of impacting particles, R θ , the tangential restitution factor, V p , the particle impact velocity, β 1 , the impact angle in radians between the approaching particle track and the wall, and β 0 , the angle of maximum erosion. V 1 , V 2 , V 3 and are the model velocity constants, where,
The material constants k 1 = 6.533 × 10 −5 , k 12 = 0.293328, k 3 = 6.44 × 10 −11 , k 4 = 5.571 × 10 −3 , and the angle of maximum erosion β 0 = 30 0 are available for quartz-steel alloy. The local values of mass erosion are computed from the local erosion rates and then cumulated over a given mesh element surface to compute the equivalent erosion rate. Overall erosion rate due to a particle is calculated as [35, 36] :
where,
.
N is its number rate and m p is the mass of the particle. The overall erosion of the turbine wall is the cumulative of overall solid particles, which provides an erosion rate (kg/s) and erosion rate density (kg/s/m 2 ) [35, 36] .
Computer Simulation
Geometrical Modeling and Meshing
The prototype of the Francis turbine and its main components are depicted in Figure 1 . The main specifications of the Francis turbine are shown in Table 1 . In this study, various guide vane opening angles (GV-10 • , GV-16 • , GV-20 • , GV-25 • , and GV-30 • ) were considered for different operating conditions. Also, it was found the guide vane angle (GV-20 • ) for the best efficiency provided by Hapcheon hydropower plant, K-Water, Korea. The part load (GV-16 • ), best efficiency (GV-20 • ), and full load (GV-25 • ) were chosen [36] . In the turbines, the part load, best efficiency, and full load operating conditions are essential because the turbines mostly operating at three operating conditions. For the sediment erosion investigation, different sediment flow rates were considered in arbitrary intervals (1, 3, 10, 30, 50, 
Description Dimension
Runner inlet diameter (mm) 2728 Grid generation of the prototype geometry was conducted by ANSYS ICEM-CFX (Ansys Inc., Canonsburg, PA, USA, 16.2) [35] . Because of the sophisticated design of the hydraulic turbine, to create the grid a prism tetrahedron grid system was utilized. The unconstructed prism tetra grids of the prototype turbine are shown in Figure 2 . In prism-tetrahedron, the nodes' initial height was 0.2 mm, height ratio was 1.2, and number of layers were 3. The total grids elements and nodes of the prototype turbine are 34.789 million and 5.934 million, with the height of the first cell as = 4.38 × 10 −6 at a design operating condition (gate valve angle of 20 0 ). It is difficult to control the grids of the whole geometry simultaneously. Therefore, the whole geometry was segmented by three parts: casing, runner, and draft tube. To decrease the effect on grid sensitivity on the numerical values, a grid independency test is essential to check the grid convergence. The error from the computational simulation is well-accepted by the CFD which is not entirely from the grid convergence error but also from many other error sources. Nevertheless, one can minimize the total error by reducing the error due to grid sensitivity and this must be done in a systematic fashion. To observe the variation of numerical values according to the number of grids, an independent grid test was carried out at design operating conditions (GV-20 • ) for the prototype turbine as illustrated in Figure 3 . The grid independency test was conducted based on the undertaken grid convergence index (GCI) technique [37] [38] [39] [40] [41] [42] [43] . The approximate and extrapolated relative errors can be written as:
The grid convergence index (GCI) is following as:
The cells near the wall boundary are non-uniform due to the finite volume approaches, which may require specific consideration. The prisms can first make a layer of symmetrical prisms near the wall and then mesh the remaining volume with tetrahedrons [44] [45] [46] . This grid approaches enhance the vicinity walls and give effective solutions and convergence of numerical methods [44] . The grid enhancement of the Francis turbine model is shown in Table 2 . Table 3 presents the estimated computational sensitivities in the hydraulic Francis turbine at eight different nodes. From the table, the 5.934 million grid density (Table 2) showed a higher efficiency within 1% uncertainties. The grid convergence index (GCI) is following as:
The cells near the wall boundary are non-uniform due to the finite volume approaches, which may require specific consideration. The prisms can first make a layer of symmetrical prisms near the wall and then mesh the remaining volume with tetrahedrons [44] [45] [46] . This grid approaches enhance the vicinity walls and give effective solutions and convergence of numerical methods [44] . The grid enhancement of the Francis turbine model is shown in Table 2 . Table 3 presents the estimated computational sensitivities in the hydraulic Francis turbine at eight different nodes. From the table, the 5.934 million grid density (Table 2) showed a higher efficiency within 1% uncertainties. 
Numerical Method
The 3-D flow solution of the RANS (Reynolds-Averaged Navier-Stokes) equations for turbulent flows were adopted in CFD. In this study, the flow simulation accounted the commercial CFD code ANSYS-CFX [35] . For non-cavitation computational simulation, the Francis turbine full model was assumed as a steady-state, incompressible flow. The turbine runner was rotating on the z-axis, and the spiral casing, guide vanes, stay vanes, and the draft tube made up the stationary domain. A frozen rotor was used to couple the rotation and stationary domain at a given moving speed of 257 rpm. The turbine domain is shown in Figure 4 . All boundary walls were assumed as the smooth wall with no-slip conditions. Moreover, standard smooth wall functions were used, so the first grids were located at a nondimensional distance from the walls Y + . According to conventional theory, near a no-slip wall, there are negative gradients in dependent variables. Furthermore, viscous effects on the transport processes are relatively high; these computations are enlarged across the viscosity-affected sublayer adjacent to the wall. The low-Re approach essentials a very fine grid in the near-wall zone and correspondingly greater number of nodes. Computer performances and ability demands are greater than those of the wall-function, and care may be taken to make a certain good computational resolution in the near-wall region to apprehend the quick difference in variables [35] . To minimize the resolution necessities, an automatic wall treatment function was established by CFX, which enables a gradual switch between wall functions and low-Reynolds number grids, without a loss of precision [35] . Wall functions are the well-accepted way to account for wall effects. In CFX, scalable wall functions are applied for all turbulence models based on the ε -equation. For k-ω-based models (including the SST model), an automatic near-wall treatment function was accounted in the near wall region [35] . For sand erosion and cavitation-sand erosion analysis, the flow conditions were assumed as steady-state, incompressible, homogeneous flow. The turbine components hardness is smaller than the sand particles, particularly quartz, which is the main reason for the sediment erosion [36] . The river sediments are mixtures of different particles and sizes such as clay (<0.002 mm), silt (0.002-0.030 mm), sand (0.06-2.00 mm), gravel (2-60 mm), etc., as well as specific gravity, approximately 2.65 [9] . Therefore, quartz was chosen as particles. The density of quartz is 2650 kg/m 3 , and a molar mass of 60.08 kg/kmol is used [9, 35] . The mean diameter of the particles value is of 0.1 mm. Pressure boundary conditions were considered at the inlet (931,630 Pa) and outlet (0 Pa) for the whole passage of the turbine. Quartz particles are consistently injected at the inlet, and the particles will follow through the whole passage at the outlet. The turbulence dissipation force is initiated, and the SchillerNaumann model estimates the drag force comply with the particles [35, 36] . The coupling between the water and particles is categorized into two sets: one-way coupled and fully coupled. The particles inflow rates diversified from 1 kg/s to 100 kg/s and had given constant particle number from 500 to 5000. The steady noncavitating results were accounted as the initial conditions for the homogeneous multiphase flow simulation for the numerical stability. The reference pressure was set 1 atm. The water temperature was considered as standard temperature and pressure (STP) during the simulation, and the saturated vapor pressure was set 3169 Pa. Rayleigh-Plesset cavitation model and Tabakoff-Grant erosion model was adapted for estimation of cavitation and sediment erosion respectively.
Results and Discussion
The performance characteristics of the Francis turbine and the validation of the numerical results compared with experimental data are presented in Section 4.1. Section 4.2 describes the effect of sediment erosion in the Francis turbine at different operating conditions. Also, it then describes the cavitation-erosion effect for the sediment erosion damage in the Francis turbine in Section 4.3. The inlet (931,630 Pa) and outlet (0 Pa) boundaries were imposed as pressure on each domain model. For the initial conditions of the noncavitating simulation, the reference pressure was set to 1 atm. To gradually induce cavitation, the simulation procedure was successively lowering the system pressure not a sudden change in pressure was introduced. The shear stress transport (SST) turbulence model was accounted to solve the turbulence phenomena of the fluid [47] [48] [49] . The convective term of the governing equation was discretized by a high-resolution scheme to increase the accuracy of the computational analysis. The residual value was 1 × 10 −5 controlled by convergence criteria.
For sand erosion and cavitation-sand erosion analysis, the flow conditions were assumed as steady-state, incompressible, homogeneous flow. The turbine components hardness is smaller than the sand particles, particularly quartz, which is the main reason for the sediment erosion [36] . The river sediments are mixtures of different particles and sizes such as clay (<0.002 mm), silt (0.002-0.030 mm), sand (0.06-2.00 mm), gravel (2-60 mm), etc., as well as specific gravity, approximately 2.65 [9] . Therefore, quartz was chosen as particles. The density of quartz is 2650 kg/m 3 , and a molar mass of 60.08 kg/kmol is used [9, 35] . The mean diameter of the particles value is of 0.1 mm. Pressure boundary conditions were considered at the inlet (931,630 Pa) and outlet (0 Pa) for the whole passage of the turbine. Quartz particles are consistently injected at the inlet, and the particles will follow through the whole passage at the outlet. The turbulence dissipation force is initiated, and the Schiller-Naumann model estimates the drag force comply with the particles [35, 36] . The coupling between the water and particles is categorized into two sets: one-way coupled and fully coupled. The particles inflow rates diversified from 1 kg/s to 100 kg/s and had given constant particle number from 500 to 5000. The steady noncavitating results were accounted as the initial conditions for the homogeneous multiphase flow simulation for the numerical stability. The reference pressure was set 1 atm. The water temperature was considered as standard temperature and pressure (STP) during the simulation, and the saturated vapor pressure was set 3169 Pa. Rayleigh-Plesset cavitation model and Tabakoff-Grant erosion model was adapted for estimation of cavitation and sediment erosion respectively.
The performance characteristics of the Francis turbine and the validation of the numerical results compared with experimental data are presented in Section 4.1. Section 4.2 describes the effect of sediment erosion in the Francis turbine at different operating conditions. Also, it then describes the cavitation-erosion effect for the sediment erosion damage in the Francis turbine in Section 4.3. Furthermore, Section 4.4 presents a comparison of performances at different working conditions.
Validation of Numerical Results
Numerical simulations were investigated at different flow rates by varying the guide vane opening angles of the prototype turbine. The guide vane opening angles were set to 10 • , 16 • , 20 • , 25 • , and 30 • . Figure 5 illustrates the performance characteristics of the simulation results for the prototype turbine of Soongsil University (SSU) and Korea Institute of Machinery and Materials (KIMM). From the data for the SSU, it can be seen that the maximum efficiency found was 92.398%, and output power was 41.957 MW at a flow rate of 48.596 m 3 /s. The preliminary experiment was conducted at Fuji Electric Co., Ltd. test facility. Moreover, the scale model experimental tests were conducted at KIMM, Korea. The experimental measurements, and calibrations were carried out using the procedure and guidelines IEC-60193 [50] . The flow similarity (1:10) was performed according to IEC-60193. In particular, IEC-60193 applies to any type of reaction turbine or impulse turbine tested under specified laboratory circumstances and may accordingly be utilized for acceptance tests of the prototype turbines as well [50] . The test facility was designed and established at the KIMM and designed to meet IEC 60193 [50] . Figure 6 shows the KIMM test facility measurement system. In the KIMM laboratory, the hydraulic Francis turbine performance test facility was carried out using a closed-loop circulation method using pressure drop Sustainability 2019, 11, 1423 9 of 18 measurement and flow rate measurement devices. The four pressure sensors were installed located at the turbine inlet and draft tube outlet to measure the differential pressure ( Figure 6 ). Flow rate was measured by the electromagnetic flow meter. Data from the equipment were accounted for using a control computer. A total of 16 different pressure values were measured during the test. Uncertainties in a hydraulic turbine were estimated [50] [51] [52] and included random, systematic, and spurious errors. The systematic uncertainty in hydraulic turbine efficiency was calculated from the individual uncertainties in discharge (f Q ) sys , specific hydraulic energy (f E ) sys , torque (f T ) sys , rotational speed (f n ) sys , and density of water (f ρ ) sys :
At a 95% confidence level and 15 df, the random uncertainty in hydraulic turbine efficiency was estimated. The normal distribution of the efficiency was η ±0.221%, and the total hydraulic efficiency (f nh ) total was calculated and found to lie within a band of ±1.224%. The measurement was carried out only one operating point (GV-20 • ). Therefore, only one measurement data could not illustrate the 95% confidence limit and error propagation from the result (Table 4 ). 
Erosion Effects on Performance Characteristics
Effect of Sediment Inflow Rates
To look into the effect of flow rates on erosion, different sediment inflow rates were taken into account and were ranging from 1 to 100 kg/s in the prototype turbines. Three guide vane opening Further, the numerical simulation results were validated with experimental data. Table 4 illustrates the CFD performances and the experimental results for the prototype turbine at design operating condition (GV-20 • ) [53] . As shown in the Table 4, prototype simulation was also done at SSU laboratory and at KIMM, and a reverse design was also done at KIMM. The maximum difference in efficiency was only 0.958% compared with the SSU simulation, 1.0485% compared with the KIMM (reverse design), 0.6088% compared with the KIMM simulation, and 0.547% compared with the experiment (KIMM). However, for the comparison of SSU results, it was 0.08% with KIMM (reverse design), 0.351% with KIMM modeled, and 0.413% with KIMM experiment values. It was also observed that SSU CFD results tended to have a slightly lower pre-experiment and experiment value but a steadily higher value of reverse design. With both results similar, there was good agreement between the results, indicating reliability.
Erosion Effects on Performance Characteristics
Effect of Sediment Inflow Rates
To look into the effect of flow rates on erosion, different sediment inflow rates were taken into account and were ranging from 1 to 100 kg/s in the prototype turbines. Three guide vane opening angles (GV-16 • , GV-20 • , GV-25 • ) were chosen for computer simulations namely the part load (GV-16 • ), best efficiency (GV-20 • ), and full load condition (GV-25 • ), while other working conditions remained constant. Only sediment inflow rates were selected while other parameters such as shape, sediment size, and impingement angle were kept constant in the Tabakoff-Grant erosion model. The effects of predicted sediment inflow rates on the turbine blade are illustrated in Figure 7 , both in terms of best efficiency and full load operating conditions at the pressure side. It can be seen from these figures that as the flow rates grew, the area of the erosion rate density also become grown. At full load condition, the erosion rate density was higher than that of the best efficiency because the flow rate increase brought in a higher relative velocity at the outlet area of the runner vane. To better comprehend the visualized erosion of the runner blade of the prototype turbine, Figure 7a illustrates the best efficiency conditions. Estimated erosion regions can be separated into three segments, namely the leading edge side (Figure 7 (1)), the trailing edge side (Figure 7(2) ), and the outlet side (Figure 7(3) ). It can also be observed from these graphs that the area of severe erosion rate density happened at the trailing edge of the runner vane. At the leading edge side, the erosion rate density was low, and only a small region was affected by the area of erosion rate. This occurred as the highest acceleration region was found throughout the inlet and the leading edge side of the runner vane. At the trailing edge, the erosion area grew because of the high relative velocity, and at this section, the area of severe erosion rate density was greatest. In the circumstances, the erosion area was higher than both of the outlet side and the leading edge side owing to the fact that the velocity was highest at the outlet region of the runner.
Moreover, on account of high relative velocity, the majority of the sand particles carried toward the outer diameter in the runner blade outlet, and, therefore, greater influence of erosion patterns can be observed there. This can be established by the velocity distribution inside the runner as shown in Figure 8a . These simulations revealed that a strong erosion pattern can be observed in the trailing edge of the runner blade from which the water exits and the outlet area that contacts the outlet part. Particularly, the outlet region shows strong erosion intensity, and the extent of erosion is widely spread out. As can be seen in Figure 8b , it is considered that the erosion rate is proportional to the power of the velocity. It is also observed that velocity is significantly increased at the outlet region where the relative velocity of the water moving out to the draft tube is the greatest (marked dotted circle). The predicted erosion rate density on the suction side of the blade is less than on the pressure side. This is even more in a wider guide vane opening. The erosion rate density is higher toward the outlet as compared to the inlet of the blade. angles (GV-16°, GV-20°, GV-25°) were chosen for computer simulations namely the part load (GV-16°), best efficiency (GV-20°), and full load condition (GV-25°), while other working conditions remained constant. Only sediment inflow rates were selected while other parameters such as shape, sediment size, and impingement angle were kept constant in the Tabakoff-Grant erosion model. The effects of predicted sediment inflow rates on the turbine blade are illustrated in Figure 7 , both in terms of best efficiency and full load operating conditions at the pressure side. It can be seen from these figures that as the flow rates grew, the area of the erosion rate density also become grown. At full load condition, the erosion rate density was higher than that of the best efficiency because the flow rate increase brought in a higher relative velocity at the outlet area of the runner vane. To better comprehend the visualized erosion of the runner blade of the prototype turbine, Figure 7 (a) illustrates the best efficiency conditions. Estimated erosion regions can be separated into three segments, namely the leading edge side (Figure 7 (1)), the trailing edge side (Figure 7 (2)), and the outlet side ( Figure 7(3) ). It can also be observed from these graphs that the area of severe erosion rate density happened at the trailing edge of the runner vane. At the leading edge side, the erosion rate density was low, and only a small region was affected by the area of erosion rate. This occurred as the highest acceleration region was found throughout the inlet and the leading edge side of the runner vane. At the trailing edge, the erosion area grew because of the high relative velocity, and at this section, the area of severe erosion rate density was greatest. In the circumstances, the erosion area was higher than both of the outlet side and the leading edge side owing to the fact that the velocity was highest at the outlet region of the runner. Moreover, on account of high relative velocity, the majority of the sand particles carried toward the outer diameter in the runner blade outlet, and, therefore, greater influence of erosion patterns can be observed there. This can be established by the velocity distribution inside the runner as shown in Figure 8a . These simulations revealed that a strong erosion pattern can be observed in the trailing edge of the runner blade from which the water exits and the outlet area that contacts the outlet part. Particularly, the outlet region shows strong erosion intensity, and the extent of erosion is widely spread out. As can be seen in Figure 8b , it is considered that the erosion rate is proportional to the power of the velocity. It is also observed that velocity is significantly increased at the outlet region where the relative velocity of the water moving out to the draft tube is the greatest (marked dotted circle). The predicted erosion rate density on the suction side of the blade is less than on the pressure side. This is even more in a wider guide vane opening. The erosion rate density is higher toward the outlet as compared to the inlet of the blade. Particularly, the outlet region shows strong erosion intensity, and the extent of erosion is widely spread out. As can be seen in Figure 8b , it is considered that the erosion rate is proportional to the power of the velocity. It is also observed that velocity is significantly increased at the outlet region where the relative velocity of the water moving out to the draft tube is the greatest (marked dotted circle). The predicted erosion rate density on the suction side of the blade is less than on the pressure side. This is even more in a wider guide vane opening. The erosion rate density is higher toward the outlet as compared to the inlet of the blade. In addition, in the turbine model, the variations of the averaged erosion rate density of the runner blades with different sediment inflow rates (1-100 kg/s) are illustrated in Figure 9 at three different operating conditions. Three guide vane opening angles (GV-16°, GV-20°, and GV-25°) were selected for comparison. It can be observed from the graph that the erosion rate density increases in a nearly linear correlation at the three different operating conditions. The erosion rate was almost steady according to a given particle flow rates and guide vane opening. It can also be seen that a higher erosion rate occurred at a 25° opening angle than for the part load and the rated operating conditions. In addition, in the turbine model, the variations of the averaged erosion rate density of the runner blades with different sediment inflow rates (1-100 kg/s) are illustrated in Figure 9 at three different operating conditions. Three guide vane opening angles (GV-16 • , GV-20 • , and GV-25 • ) were selected for comparison. It can be observed from the graph that the erosion rate density increases in a nearly linear correlation at the three different operating conditions. The erosion rate was almost steady according to a given particle flow rates and guide vane opening. It can also be seen that a higher erosion rate occurred at a 25 • opening angle than for the part load and the rated operating conditions. Sustainability 2018, 10, x FOR PEER REVIEW 14 of 22 Figure 9 . Erosion rate densities versus particle inflow rates at three guide vane opening angles (GV-16°, GV-20°, and GV-25°).
Influence of Sediment Particle Shape Factor
In this current work, the various shape factors of the particles, i.e., 1, 0.75, 0.5, and 0.25, were investigated. Simulations were performed at given particle inflow rates for best efficiency condition while other operating conditions were kept constant. Particle shape factor is equal to one that implies that the shape of the particle is nearly the same with the spherical shape. When the shape of the particle is less or more than the regular shape, then particle behavior is changed to the irregular shape of the particle, i.e., nonspherical particle. In other words, the lower value of the shape factor causes a Figure 9 . Erosion rate densities versus particle inflow rates at three guide vane opening angles (GV-16 • , GV-20 • , and GV-25 • ).
In this current work, the various shape factors of the particles, i.e., 1, 0.75, 0.5, and 0.25, were investigated. Simulations were performed at given particle inflow rates for best efficiency condition while other operating conditions were kept constant. Particle shape factor is equal to one that implies that the shape of the particle is nearly the same with the spherical shape. When the shape of the particle is less or more than the regular shape, then particle behavior is changed to the irregular shape of the particle, i.e., nonspherical particle. In other words, the lower value of the shape factor causes a more asymmetrical shape on the particles. The effect of erosion rate density on turbine blade due to the shape factor is presented in Figure 10 that depicts the prediction of erosion rate density along the blade surface at 20 • guide vane opening, which is at the best efficiency. It is revealed from the figure that at guide vane angle of 20 • , higher erosion patterns take place in the blade profile with shape factor 0.5. This can be affected both by mass and heat transfer relation and, hence, erosion divination. Moreover, it is clearly observed in the case of the nonspherical shape of the particle that the blade region is greatly affected, and that larger intensity of the erosion rate has occurred at the trailing edge of the runner blade. It is seen from the figure that at full load condition (at guide vane angle of 25 • ), the turbine blade region is mostly influenced by the particle erosion rate at the trailing edge side. It is also shown that from simulations, the predicted erosion rate density is higher at full load condition than that of the rated condition. This occurs owing to the increased flow rate, the existence of secondary flows, and the generated vortices that lead to increased local velocities, higher relative motion, and potential separation of flow inside the turbine. 
Cavitation-Erosion Effects
Generally, in the cavitating condition, water carries bubbles into the high regions of higher pressure, but in the case of cavitation-erosion, water, as well as sediment, carries the vapor bubbles into the high-pressure region [21] . For that reason, cavitation-erosion is more important than the normal cavitation condition. In this study, cavitation performance was investigated under integrated cavitation-sand erosion at three different sand inflow rates (10 kg/s, 50 kg/s, and 70 kg/s). Simulations were performed at the best efficiency (GV-20°) and full load condition (GV-25°), while other conditions kept constant. Figure 11 presents the combined cavitation erosion water vapor distributions on the runner blade. It is obvious to see from this figure that as the particle flow rates increased, the area of the attached cavitation also increased from the trailing edge at the suction side. 
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Comparison of Performances at Different Sand Inflow Rates
In this work, the efficiency of the Francis turbine was estimated for different sediment flow rates at best efficiency (GV-20°) operating condition. Numerical simulation results can be seen in Figure  13 , which depicts sand erosion and cavitation-sand erosion conditions and shows a comparison of the computed efficiencies under sand erosion and cavitation-sand erosion at different sand inflow rates. It is obvious from the figure that efficiency is sharply decreased with increases in sand inflow rates. One notices that cavitation-sand erosion operation efficiency was reduced to a greater extent 
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Conclusions
The main topic of this study was to look into the flow of sediment erosion on a Francis turbine with different operating conditions. In all cases, a perfect initial turbine without any changes of the geometry was investigated. In a real-world case, erosion and cavitation may trigger an increase impact; in the prototype model, the computed performance was compared with experimental data at optimal efficiency conditions and a good agreement occurred between them. To investigate sediment erosion on the turbine, the Tabakoff-Grant erosion model was adapted to simulate sand erosion characteristics. The current research notices that the maximum possible erosion areas were mostly found on the pressure side of the runner blades. The eroded region throughout the leading edge side is considered to be due to high acceleration. The area around the trailing edge and outlet side is arisen from the higher velocity around the outlet side of the runner. Additional simulations were then performed to analyze the effect of sediment inflow rates and sediment shape factors. This work found that as the sediment inflow rates increased in the prototype turbine, the erosion rate density increased in a near-linear fashion. Therefore, when the sediment flow rate is given, it is likely that potential erosion damage can be estimated by utilizing this linear correlation. The influences of erosion rate density on the turbine blade owing to shape factor and sediment size was also mentioned by this research. In addition to, in cavitation-sand erosion, this study notices that the low-sand volume fraction happened at the inlet near the suction side and the higher volume fraction of sand was visible at the trailing edge and outlet of the runner blade at the pressure side. From this work's analysis, it was also suggested that cavitation abrasion propagation began mostly from the leadingedge pressure side to the trailing edge of the runner and that the sand volume fraction was disseminated nonuniformly. As the sediment flow rate increased within the area of the attached cavitation so too did it increase from the trailing-edge at suction side. Cavitation-erosion results also noticed that the efficiency reduced by 0.85% compared to sand erosion, and 1.33% compared to pure water. The numerical model itself is validated with the experimental data, but the novelty is in this erosion model. Instead, such a comparison should be conducted for verification of the investigated model. Consequently, if the curvature at the trailing edge and, in particular, at the outlet side of the runner is considered special consideration during the design, development, and optimization stages, it is possible to reduce cavitation and sediment erosion. 
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